We propose a new scheme to generate multi-frequency vector mm-wave signals based on cascaded phase modulator and I/Q modulator by adopting independent-sideband (ISB) modulation scheme. Driven by a single frequency RF (Radio frequency) source, the phase modulator (PM) generates multi-frequency optical carriers with a constant frequency interval, which is used as optical input of the I/Q modulator. The electrical signal driving the I/Q modulator is composed of one vector-modulated single side-band (SSB) QAM signal and one unmodulated SSB RF signal, the two signals locate at different sides of zero frequency. The output of I/Q modulator contains several multi-frequencies optical sidebands and suppressed optical carriers. The optical carriers are suppressed by using the ISB modulation scheme. Two optical sidebands at different frequencies are selected by a wavelength select switch (WSS) and beaten in the photodetector (PD). The multi-frequency vector mm-wave signals are generated with high flexibility, and the frequency can be up to 400 GHz. We experimentally demonstrate 133-GHz D-band multi-frequency vector mmwave signal over 80-km SMF-28 wireline transmission and 10-m wireless delivery with bit rate up 18.4 × 2 = 36.8 Gb/s.
Introduction
The fast development of 5G mobile data network brought about ever-increasing challenges for transmission capacity, transport latency and the ability of multi-user access support. In the mobile fronthaul networks (MFH), RoF (Radio over fiber) communication system combines both the large capacity of fiber transmission and the flexible access of wireless delivery. Therefore, it has aroused a wide interest and discussion for large available bandwidth [1] , [2] . In the RoF system, the optical vector mm-wave signal generation is of great importance, since lots of experimental demonstrations on photonics-aided vector mm-wave signal generation and delivery have been reported [3] - [5] . In Ref. [3] , a downlink 16-Gbit/s W-band QPSK signal transmission through 26-km SMF and 1-m wireless delivery is experimentally realized. In Ref. [4] , a 2 × 2 MIMO 60-GHz RoF system with 84-Gb/s data rate and 12 bit/s/Hz spectral efficiency is achieved after 25-km fiber and 3.5-m wireless transmission. However, these RoF systems utilize double-sideband (DSB) modulation format, which suffers greatly from fiber chromatic dispersion. Therefore, power fading effect will be induced, and the SNR of the RoF signal will be severely degraded after fiber and wireless transmission, especially at high frequencies [6] . Fortunately, the optical single sideband (SSB) vector mm-wave signals can resist the chromatic dispersion, and can be transmitted over long distance without fading effect in standard single mode fiber (SSMF) at 1550 nm [7] - [13] . Compared to DSB signals, SSB signals have higher spectral efficiency, so it is an optimal modulation format for vector signal transmission over long distance in optical fiber. Also, compared to orthogonal frequency division multiplexing (OFDM) signals, SC (Single Carrier) signals also have lower PAPR (Peak to Average Power Ratio) [7] . Therefore, we consider to use SSB-SC signals for transmission in the ROF system.
Considering the practical application of RoF system, the multi-frequency signal generation is necessary in the future to overcome frequency overlay and provide flexibility in wireless networks. In Ref. [14] , multi-frequency vector mm-wave signals in W-Band were generated based on photonic frequency quadrupling and precoding, but the adoption of precoding significantly reduces the Euclidean distance of transmitter constellation [15] . Therefore, the system performance is restricted, the capacity and transmission distance are limited. In Ref. [16] , cascaded PM and intensity modulators (IM) were utilized for the generation of multi-frequency mm-wave signals. Nonetheless, the system reveals high complexity and only simulations were performed.
In this paper, we adopt a new scheme to generate multi-frequency vector mm-wave signals based on cascaded phase modulator and I/Q modulator to meet these requirements. Using a phase modulator, multi-frequency optical carriers are generated with low cost and simple structure. Combined with the independent optical side-band modulation scheme [17] achieved by an I/Q modulator, the output signal consists of several optical side-bands on different frequencies and the original optical carriers are suppressed. The generation of baseband data is implemented in digital domain and can be effectively operated with computer software; thus, the system complexity is reduced and the system stability is increased. The generated optical SSB signal can overcome walk off effect, therefore it can be transmitted over relatively long distance in SSMF. Frequency selection is achieved by WSS, which provides multi-frequency mm-wave generation with good flexibility. By using our scheme, we can generate mm-wave signals covering from microwave, mm-wave up to 400 GHz.
Adopting the proposed scheme, we experimentally demonstrate 133-GHz D-band multifrequency vector mm-save signal over 80-km SMF-28 wireline transmission and 10-m wireless delivery with bit rate up to 18.4 × 2 = 36.8 Gb/s. In this situation, the input power into PD is as low as ∼−0.5 dBm, and the low power consumption is a required feature in the future metro network and data center. Fig. 1 shows the principle of multi-frequency photonic vector mm-wave generation. A free-running laser source produces a continuous-wave (CW) light wave located at frequency f c and operated as the optical input source of the phase modulator. The output of the PM can be written as E out = E i n exp( jr (t)), where E out represents for the output optical signal, E i n = A LW exp( j2πf c t) is the input optical source shown in Fig. 1 (c) and r (t) is the input electrical driving signal. When the input electrical signal is an RF source at frequency f m , it can be written as r (t) = A RF sin(2πf m t + ϕ 0 ). Therefore, the output of the PM is E out = A LW exp( j2πf c t + jr (t)) = A LW exp( j2πf c t + jA RF sin(2πf m t + ϕ 0 )). According to the Jacobi-Anger identity e i z cosϕ = +∞ n=−∞ i n J n (z)e i nϕ , the output of the PM can be written as:
Principle of Multi-Frequency Photonic Vector Mm-Wave Signal Generation
Therefore, after modulated by the PM, the single-frequency CW light wave becomes multifrequency optical carriers. The center frequency is f c and the frequency interval between the adjacent carrier depends on the frequency of the driven RF source, as shown in Fig. 1(d) . As for the baseband signal generation in digital domain, the digital signal processing (DSP) procedure is shown in the left box in Fig. 1 . At first, a pseudorandom binary sequence (PRBS) with a fixed length is generated and vector modulated into QPSK/16QAM baseband signals. A low-pass filter (LPF) is used to filter the signal. We utilize two real sinusoidal RF sources working at frequency f s1 and f s2 , respectively, and adopt the Hilbert transform on them to remove one side of the spectrum [15] , [17] . Thus, two complex sinusoidal RF source are generated, and each RF source only has one-side spectrum. For the f s1 RF source, the negative spectrum is reserved (expressed as −f s1 in Fig. 1(a) ), and for the f s2 RF source the positive one is remained. Then, the baseband vector-modulated signal is mixed with the −f s1 RF source, linearly upconverted to an LSB (lower side-band) vector signal located at carrier frequency of −f s1 , as shown in Fig. 1(a) . The spectrum of the positive side of the f s2 RF source is shown in Fig. 1(b) .
Next, the real part of the LSB vector signal and the real part of the positive side of the f s2 RF source are added up to form the in-phase input of the I/Q modulator. Similarly, the image part of the LSB vector and the image part of the f s2 RF source are summed up for the quadrature input of the I/Q modulator. We adopt the optical ISB modulation for the maximization of the sideband energy because the optical carrier can be effectively suppressed. There are 3 adjustable DC bias control in an I/Q modulator (one PM and two IMs). To realize I/Q modulation, the DC bias of the PM in the I/Q modulator should be set as V π /2 to ensure the π/2 phase difference between the in-phase input and the quadrature input. For the implement of ISB modulation, two DC bias of the two IMs should be fixed as V π to suppress the optical carrier and linearly convert the electrical SSB signal to an optical SSB signal. The transmission function of I/Q modulator can be written as:
where ϕ = V DCPM · π/V π is the phase difference caused by the PM. Setting V D CPM = π/2, the phase difference is π/2. V D CI and V D CQ are the DC biases of the two IMs and are set as V π for optical carrier suppression, thus
The baseband data can be expressed as Data = A exp(−j2πf s1 t) + B exp( j2πf s2 t), where A denotes QPSK or 16QAM baseband signals, B represents the amplitude of the RF source, the content of A and B can be exchanged.
Considering single optical carrier for simplicity, let E i n = E 0 exp( j2πf c t).
Therefore, the output of the I/Q modulator can be written as:
when the input signal is relatively small, the output can be approximately written as:
Therefore, the optical carrier at frequency f c is suppressed, and the electrical SSB signal is linearly converted to the optical domain. At the output of the I/Q modulator, two independent optical side-band are obtained, one is a vector-modulated LSB at the frequency f c − f s1 , the other is the unmodulated USB at the frequency f c + f s2 , f s1 and f s2 can be unequal. Combined with the multi-frequency carrier generated in the PM before I/Q modulator, we can produce multi-band vector-modulated optical signals with nearly all the optical carriers suppressed to a large extent, and two side-bands locate on both sides of each optical carrier, the spectrum is shown in Fig. 1(e) . Next, frequency selection is carried out by a WSS or an optical filter to select two optical side-bands for beaten in PD, and the frequency of generated mm-wave signal is decided by the frequency difference of the two optical side-bands. The range of frequencies available is very wide. For example, we choose the vector-modulated optical side-band at frequency f c − f m − f s1 and the unmodulated optical side-band at frequency f c + f s2 , the frequency difference of the two side-bands is f m + f s1 + f s2 . The selected two optical side-bands is then beaten in the PD, and converted to an electrical vector mm-wave at frequency of f m + f s1 + f s2 . The generated optical SSB signals can overcome the walk-off effect due to fiber dispersion, and can be transmitted over long distance in optical fiber. The proposed scheme of generating multi-band mm-wave signal greatly improves the system flexibility and reduced the cost of the transmitter architecture. which is used to produce the multi-frequency optical carriers. A sinusoidal RF source operates at 14.5 GHz, and after six times frequency multiplication, an 87-GHz sinusoidal RF source is obtained. After electrically amplification, the RF source with 28-dBm power is used to drive the PM for the generation of multi-frequency optical carriers. The PM we used has 2.5-dB insertion loss, 30-GHz 3 dB bandwidth, 65-GHz 6 dB bandwidth, and V π for RF at 1 GHz is 5 V. The optical spectrum of the multi-frequency optical carriers after the PM is shown in Fig. 3(a) , and the frequency interval between each optical carrier is 87 GHz. At the transmitter DSP, vector-modulated QPSK/16QAM signals are generated with a fixed length. After mixed with a complex sinusoidal RF source (locate at the frequency of −26 GHz) in the digital domain, the vector signals are linearly converted to an LSB vector signal located at −26 GHz, as shown in Fig. 1(a) . As described in Section 2, Data I and Data Q are generated in digital domain by adding up the real/image part of the both the LSB vector signal and the USB complex sinusoidal RF source (locate at the frequency of 20 GHz). After converted to analog signal by a DAC with 92-GSa/s and amplified by an EA with DC∼40 GHz working range, the I and Q data are used to drive the I/Q modulator to realize the optical ISB modulation.
Experimental Setup
The generated multi-frequency optical sidebands are shown in Fig. 3(b) , it is obvious that the optical carriers are effectively suppressed. There are two optical side-bands, one vector-modulated LSB and one unmodulated USB, located at two sides of each optical carrier frequency, respec- tively. After amplified by an erbium doped optical fiber amplifier (EDFA), the optical signals go through a WSS or an optical filter, and two optical side-bands are selected for transmission in the fiber-wireless-integration link, as shown in Fig. 3(c) . Because the frequency spaces between the suppressed optical carrier and the two side-bands are 26 GHz and 20 GHz, respectively, and the interval between two adjacent optical carriers is 87GHz, the frequency space between the two selected side-bands is 26 + 87 + 20 = 133 GHz. The mm-wave at the highest frequency can be 133 + 87 * 3 = 133 + 261 = 394 GHz, as shown in Fig. 3(b) . After amplified by an EDFA, the two optical side-bands is transmitted over 80-km SSMF without optical dispersion compensation, and the optical power into fiber is 13 dBm. To compensate power loss in the fiber, another EDFA is used to increase the optical power and the optical spectrum is shown in Fig. 3(d) . After a polarization controller for the adjustment of the signal polarization, the optical signal is converted to a vector-modulated D-band mm-wave signal by a PD with 110∼170 GHz bandwidth and amplified by a D-band amplifier with 30-dB gain [18] , [19] . The mm-wave signal is transmitted by a D-band horn antenna with 25-dBi gain and through 10-m wireless distance. A pair of lenses are used in the wireless link to collect the mm-wave signal [18] , [19] . After wireless delivery, the mm-wave signal is received by a same horn antenna and mixed with a 112-GHz local oscillator RF source. The generated 21-GHz intermediate frequency (IF) signal is amplified by an EA with DC∼45 GHz bandwidth, and captured by a real-time digital oscilloscope with 45-GHz bandwidth and 120-GSa/s sample rate. The transmitted data are recovered from the IF signal after offline DSP, which includes down-conversion, CMA/CMMA post-equalization, carrier recovery (including carrier frequency and phase recovery), DD-LMS and BER calculation [20] - [22] .
Results and Discussion
To better study the performance of the system, we first transmitted QPSK signal with different baud rates: 4Gbaud, 9.2 Gbaud and 18.4 Gbaud, respectively. The constellations of 21-GHz 4-Gbaud IF QPSK signal under 10-m wireless delivery are shown in Fig. 4(a)-(d) , and the constellations of 9.2-Gbaud IF QPSK signal are shown in Fig. 4 (e)-(h). For the 4-Gbaud QPSK signal, the recovered constellations are clear and the BER is quite low. For the 9.2-Gbaud QPSK signal, the recovered constellations are blurring due to more severe wireless channel loss. Fig. 4 (i)-(l) shows the constellations of 18.4-Gbaud QPSK signal after 10-m wireless delivery. Fig. 5(a) shows the BER versus input power into PD when 18.4-Gbaud QPSK signal is transmitted in 80-km SMF +10-m wireless link and only in 10-m wireless link, respectively. From both the two curves, with the increase of the input power, the BER first reduces, and then increases, this is due to the saturation of PD. For wireless link, when the input power is higher than −2.6 dBm, the BER is under the 7%FEC threshold of 3.8 × 10 −3 , and when the input power is −1.6 dBm, the BER reaches the minimum value. For the fiber-wireless link, the best result is obtained when input power is at about −0.5 dBm. As shown in Fig. 2(a) , we add two additional EDFAs for 80-km SMF-28 fiber transmission, therefore the OSNR is reduced, so we observe some power penalty of 2.5 dB at BER of 3.8 × 10 −3 . The bit rate 18.4 × 2 = 36.8 Gb/s QPSK signals at 133-GHz D-band can be transmitted over 80-km SMF wireline and 10-m wireless, the minimum BER for 10-m wireless delivery can be achieved at 1.27 × 10 −3 .
We also measured the performance of 16QAM signal with 4-Gbaud and 9.2-Gbaud, respectively. The results of 4-Gbaud 16QAM signal with different fiber and wireless transmission is shown in Fig. 5(b) . 4 × 4-Gb/s 16QAM signal at 133-GHz can be transmitted over 10-km wireline fiber and 10-m wireless with BER smaller than 3.8 × 10 −3 . After transmission over 80-km SMF-28, the BER cannot be lower than 3.8 × 10 −3 , but can be lower than 2 × 10 −2 . Large penalty is caused due to OSNR reduction and nonlinear effect in SMF-28. The constellations of the 16QAM signal after 10-m wireless delivery at −1.6-dBm input power into photo-mixer is shown in Figs. 4(m)-(p), and the minimum BER can reach 1.08 × 10 −3 . For the 9.2-Gbaud 16QAM signal transmission, the BER versus the input power into PD is shown in Fig. 5(c) . With the increase of the input power into PD, BER first reduces and then increases, especially at −0.5-dBm the BER reaches minimum. Therefore, 9.2 × 4 = 36.8 Gb/s 16QAM signal at 133-GHz can be transmitted over 10-m wireless with BER smaller than 2 × 10 −2 , but cannot realize over 80-km SMF and 10-m wireless transmission.
Conclusions
In this paper, we propose a new scheme to generate multi-frequency vector mm-wave signals based on cascaded phase modulator and I/Q modulator. The phase modulator is used to generate multifrequency optical carriers. Adopting optical ISB modulation, two electrical SSB signals, including one vector-modulated USB (LSB) and one unmodulated LSB (USB), are modulated to these optical carriers by a single I/Q modulator. After I/Q modulation the multi-frequency optical side-bands are generated and optical carriers are suppressed as much as possible. The frequency spacing between the two sidebands to the suppressed central optical carrier can be different. Optical side-bands of different frequencies are selected by WSS, the correspond mm-wave is generated by PD, and the frequency range of the mm-wave signal can be up to 400 GHz.
We experimentally demonstrate the generation and fiber-wireless-integration transmission of 133-GHz 18.2-Gbaud QPSK-modulated and 4 GHz 16QAM-modulated vector mm-wave signal over 80-km SMF-28 and 10-m wireless without optical dispersion compensation. The system has low power consumption since the optimal input power into PD is ∼−0.5 dBm. The 133-GHz mmwave signal is a combination of 26-GHz QPSK-modulated LSB, 20-GHz unmodulated USB and the 87-GHz interval between the adjacent optical carriers. The scheme of generating multi-frequency mm-wave shows great flexibility and can effectively reduce the transmitter complexity.
